Abstract. The thymus is a central lymphoid organ in which T lymphocytes undergo differentiation and maturation without the need for antigenic stimulation. Apoptosis (programmed cell death), plays a critical role in shaping the T cell repertoire, deleting unproductive as well as potentially autoreactive T cells. Thymic atrophy has been observed in several model systems, including aging, graft-vs-host-disease and tumor development. However, the mechanisms involved in this phenomenon remain to be completely elucidated. We have previously shown that the progressive growth of D1-DMBA-3 mammary tumor leads to extreme thymic atrophy in the host. This thymic involution is associated with an early block in T cell maturation at the triple negative stage of differentiation. In the present study we have used our murine mammary tumor model to further analyze the specific T cell subpopulations present in the thymus of tumor-bearing animals as well as to characterize the alterations of the apoptotic process present during the impaired thymopoiesis associated to this thymic involution. Flow cytometric analysis revealed a moderate increase in the percentages of single positive CD4 + and CD8 + cells within the CD3 negative population in the thymuses of tumor-bearing mice. Moreover, we observed a prolonged increase in apoptosis among thymocytes from tumor-bearing mice compared with thymocytes from normal mice during tumor development. Lastly, we found a major decrease of Bcl-X L and A1, two crucial anti-apoptotic Bcl-2 family members that are developmentally regulated in T cells. Together, our data suggest that the severe thymic involution seen in mammary tumor bearers is due to an arrest in at least two steps of T cell differentiation and a down-regulation of important molecules that control programmed cell death.
Introduction
The thymus is a specialized organ that is critical for the development and maintenance of an effective peripheral T cell repertoire (1, 2) . The development of ·ß + TCR T cells in the thymus encompasses a progressive stepwise differentiation from a multi-potent precursor, producing a mature thymocyte with defined potential function (3) . The earliest precursors of the T cell pathway in the adult thymus are CD3 -CD4 -CD8 -progenitors, a population which has been further subdivided on the basis of expression of CD44 and CD25, with the most immature stage identified as CD44 + CD25 - (4, 5) . Differentiation and commitment to the thymocyte lineage is associated with expression of CD25 and loss of CD44 (6) . The cells become CD44 + CD25 + then CD44-CD25 + and during this period there is a rearrangement of the ß-chain of the T cell receptor (TCR) and subsequent expression of this chain at the cell surface with a TCR·-chain equivalent (the pre-T ·-chain) (7). The ß-chain then pairs with the pre TCR·-chain and members of the CD3 complex to form the pre-TCR (8) . A loss of CD25 expression and a period of selection before the cell becomes an immature thymocyte (CD3 -CD4 + CD8 + ) occur when there is rearrangement and expression of the TCR·-chain. The pre-TCR signals in a ligand-independent manner and induce the phosphorylation of the CD3 to develop the CD3 + CD4 + CD8 + thymocytes population (9) . It is in this stage when the TCR· chain undergoes rearrangement after which there is TCR·ß-dependent selection (10) . Many of these double positive cells fail to mature further, but a small percentage develop into mature thymocytes expressing either CD4 or CD8 alone before they can leave the thymus to enter the periphery (11) . Apoptosis plays an essential role in maintaining cellular homeostasis during T cell development and differentiation (12) . In the immune system, recent investigations revealed that during the course of T-cell development in the thymus, negative selection of autoreactive immature T-cells is a typical apoptotic process (13) . Two major pathways lead to apoptosis: the intrinsic cell death pathway controlled by Bcl-2 family members and the extrinsic cell death pathway controlled by death receptor signaling (14) . These two pathways work together to regulate T lymphocyte development and function.
The Bcl-2 family consists of proteins which share sequence homology within conserved regions known as Bcl-2 homology (BH) domains (15, 16) . Members of this family are among others Bcl-2 (17), Bcl-X L (18) , , A1 (20) , Bax (21) , Bak (22) , Bad (23) , Bik (24) , Bid (25) , Bcl-w (26) hrk (27) , Mtd (28) , Diva (29) , and PUMA (30) . Interestingly, whereas some of these members such as Bcl-X L , Mcl-1, A1 and Bcl-w are, like Bcl-2, potent inhibitors of cell death, others like Bax, Bak, Bad, Bik, Bid, hrk, Mtd, Diva and PUMA promote programmed cell death at least in part by counteracting the protective effect of Bcl-2 or Bcl-X L (31, 32) . Mice deficient in Bcl-2 exhibit normal maturation of both B and T cell lineages, indicating that Bcl-2 is not essential for lymphoid development (33, 34) . In contrast, in vivo overexpression of Bcl-2 and/or Bcl-X L in developing B cells interferes with normal induction of cell death and promotes autoimmune manifestations (35) . However, several groups have demonstrated that Bcl-X L and A1 are developmentally regulated in T lymphocytes (36) (37) (38) (39) .
In healthy individuals, the thymus is most active in early life, with the novo production of T cells gradually declining with increasing age (2) . Atrophy in the thymus has been identified as one of the key events that precede inefficient functioning of the immune system and an irreversible, inevitable age-related deterioration process of this organ (40, 41) . Although thymic atrophy has been observed in several model systems, including graft-vs-host-disease (GVHD) and tumor development (42) , the mechanisms involved in this phenomenon remains to be completely elucidated.
Using a murine mammary adenocarcinoma originally induced in BALB/c mice by dimethylbenzanthracene (D1-DMBA-3) (43), we have previously described a profound progressive thymic atrophy associated with the tumor development (44) . This thymic involution is accompanied by a decrease in total cell number paralleled by a dramatic decrease in the percentages of CD4  + CD8  + thymocytes and an  increase in the percentage of CD4  + CD8  -and CD4  -CD8   +   single positive population an CD4  -CD8 -double negative population (45) . We have investigated several possible mechanisms leading to this thymic atrophy. The findings of those investigations suggest that the thymic hypocellularity seen in mice with an advanced stage of mammary tumor progression is not due to a decreased level of in vivo proliferation, but correlates with an arrest of thymic differentiation at an early stage accompanied by a minor increase in apoptosis (46) . Moreover, we have shown that there is an extensive disruption of the thymic architecture that begins to be apparent two weeks following tumor implantation (44) .
In the present study we have examined other possible mechanisms that characterize this thymic atrophy. Importantly, our data strongly suggest that, in addition to the previously described arrest of thymocytes at the triple negative stage of differentiation, in thymuses of tumor-bearing mice a second blockage may be occurring at the level of immature single positive populations. Moreover, we showed that apoptosis appears to be gradually increased in thymocytes during early tumorigenesis, mostly due to a down-regulation of the antiapoptotic proteins Bcl-X L and A1. Collectively, we suggest that both arrests in the normal T cell development and an increase in apoptosis could be major causes for the impaired thymopoiesis seen during the thymic involution of tumorbearing mice.
Materials and methods
Mice and tumor. Male and female BALB/c mice were bred and housed under barrier conditions in the Division of Veterinary Resources at the University of Miami, Miller School of Medicine. Ten to 14 weeks-old mice were used for tumor transplantation. The tumor is a transplantable mammary adenocarcinoma, called D1-DMBA-3, derived from a nonviral, non-carcinogen-induced preneoplastic alveolar nodule in a BALB/c mouse treated with 7,12-dimethylbenzanthracene (43) . The immunogenic D1-DMBA-3 tumor is routinely transplanted in BALB/c mice by s.c. injection of 1x10 6 tumor cells. Palpable tumor is apparent ~8 days following implantation and the mice normally die between 4 and 6 weeks after tumor inoculation. Our institutional animal care and use committee approved the animal experiments.
Thymocytes collection. Mice were sacrificed and both lobes of the thymus were carefully dissected from the chest cavity and placed in a Petri dish containing 1X Hanks' balanced salt solution, 1% calf serum, 10 mM HEPES, pH 7.2, to prevent drying. The thymic lobes were weighed and placed in a cell strainer in a Petri dish with a drop of medium on the top, and gently compressed with the base of a 3-ml syringe followed by a wash with cold media and transfer to polypropylene tubes. Cells were counted and analyzed by flow cytometry as described below.
Flow cytometry. The following antibodies were used for flow cytometry and purchased from BD Pharmingen (San Diego, CA): Pacific blue anti-CD3 (500A2), APC anti CD4 (RM4-5) and Per-CP anti-CD8 (53-6.7). The cells were analyzed using a BD Biosciences LSRII Cytometer (BD Biosciences, San Jose, CA) and Diva software (BD Biosciences). The total number of events collected for analysis was between 100,000 and 500,000 cells.
Annexin V analysis. To determine apoptosis, cells were analyzed over time by staining phosphatidylserine translocation with FITC-annexin V (Pharmingen) according to the manufacturer's instructions. mRNA analysis. For semi-quantitative RT-PCR analysis, total RNA was extracted from the entire thymus of normal and tumor-bearing mice with TRIzol (Life Technologies, Grand Island, NY) using a tissue homogenizer from OMNI International (Marietta, GA). cDNA was prepared from this total RNA and the following mouse primers (5'-3') were used for PCR: 5'-CCGGAGAGCGTTCAGTGATC-3', 5'-TCAG GAACCAGCGGTTGAAG-3' for the Bcl-X L gene, 5'-GCCC TGGATGTATGTGCTTAC-3', 5'-GATCTGTCCTGTCATC TGCAG-3' for the A1 gene and 5'-AGCCATGTACG TAGCCATCC-3', 5'-TGTGGTGGTGAAGCTGTAGC-3' for the ß-actin gene (47) . The conditions were 20, 24, 28 or 32 cycles of extension, 0.5 min at 94˚C for denaturation, 1 min at 55˚C for annealing and 1 min at 72˚C and then a final cycle of 10 min at 72˚C. PCR products were visualized after electrophoresis through 1.5% agarose gels by staining with ethidium bromide. For GeneArray Analysis, Mouse JAK/ STAT Signaling Pathway GeneArray systems were purchased from SuperArray Bioscience Corp. (Frederick, MD). Total thymic RNA was obtained from the different mice as described above, the cDNA was prepared from this total RNA and hybridized to the arrayed filters according to the manufacturer's instructions. The resulting hybridization signal was visualized by chemiluminescence. Data were subjected to densitometric analysis using Scion Image Software (Scion, Frederick, MD). RNA levels were expressed as relative OD measurement after normalizing to the hybridization signals to GAPDH or ß-actin as previously described (48) .
Western blot analysis.
Whole cell extracts of thymuses from normal and tumor-bearing mice were used. The thymuses were lysed using cold RIPA assay buffer supplemented with protease inhibitor cocktail tablets (Roche, Indianapolis, IN) and sodium vanadate (Roche, 1 mmol/l final concentration). Protein concentration was determined using the BCA Protein Assay kit (Pierce, Rockford, IL) before analyzing the samples by Western blotting. The primary antibodies used were a goat polyclonal antibody anti-A1 (clone T-18) from Santa Cruz Biotechnology (Santa Cruz, CA) and a rabbit anti-Bcl-X L polyclonal antibody (49) (a gift from Dr Lawrence H. Boise). The presence of ß-actin was detected by the use of a rabbit antimouse polyclonal antibody (Sigma-Aldrich). The secondary antibodies used were a peroxidase-conjugated donkey antigoat IgG from Santa Cruz Biotechnology for A1 and a goat anti-rabbit IgG from Jackson Immuno Research (West Grove, PA) for Bcl-X L and ß-actin.
Proliferation assays.
To measure antigen-driven proliferation, isolated total thymocytes (5x10 5 cells/well) were cultured in 0.2 ml of RPMI-1640 containing 5% FCS, glutamine (30 μg/ml), penicillin (100 U/ml), streptomycin (100 μg/ml), 2-ME (5x10 -5 M) (CM) in 96-well flat-bottom culture plates (3595; Costar, Cambridge, MA) with anti-CD3 (1 μg/ml) and IL-2 or IL-7 (10 ng/ml; Peprotech, Inc., Rocky Hill, NJ) for 48 h. To measure cytokine-dependent proliferation, thymocytes activated with anti-CD3 and IL-2 were harvested, washed three times with RPMI-1640, and 2x10 4 cells/well were cultured in 0.2 ml of CM in the presence of IL-2, IL-7 or IL-15 (all cytokines 10 ng/ml) in 96-well flat-bottom culture plates for two additional days. In all cases, proliferation was measured by the addition during the last 4 h of 1 μCi/well of [ 3 H]-thymidine (25 Ci/mmol; Amersham, Arlington Heights, IL).
Results
As we have shown previously, the growth of D1-DMBA-3 mammary tumor leads to extreme thymic atrophy in the host (44) which have been associated with an early stage block in T cell maturation of the triple negative thymocytes (46) . During the tumor development, there is a major decrease in the thymus weight and cell numbers in thymuses of tumorbearing mice as compared to those from normal mice (NM) ( Fig. 1A and B). The decrease in total cell number is paralleled by a dramatic decrease in the percentages of double positive CD4 + CD8 + thymocytes and an increase in the percentages of CD4
+ CD8 -and CD4 -CD8 + single populations and double negative CD4
-CD8 -thymocytes in tumor-bearing mice ( Fig. 1C) . To further characterize the alterations leading to the involution present in the thymuses of tumor-bearing mice, a more detailed evaluation of thymic differentiation in tumor-bearing mice was undertaken. To this end, we first focused on the immature single positive thymocytes within the CD3-negative population ( Fig. 2A) . As shown in Fig. 2B , there is a profound decrease in the percentage of CD3-negative thymocytes in tumor bearers (32.5%) as compared to those from normal mice (87.1%). While there is an increase in the relative percentage of triple negative thymocytes in tumor bearers (Fig. 2C) , their absolute number is greatly diminished (Fig. 2D) . Furthermore, thymuses from tumor bearers have a greatly reduced percentage of CD4 + CD8 + cells within the CD3-negative population (immature double positive cells, Fig. 2B and C) in comparison to the levels in normal thymuses (38.5% versus 92.8%). The percentage of single positive CD4 + or CD8 + cells within the CD3 negative population also showed moderate increases in the thymuses of tumor-bearing mice ( Fig. 2B and C) . Importantly, the absolute numbers of these two populations were diminished in tumor bearers' thymuses (Fig. 2D) . These results suggest that in addition to the previously described arrest of thymocytes at the triple negative stage of differentiation (46) , in thymuses of tumorbearing mice, a second block may be occurring at the level of immature single positive populations.
Normal levels of in vitro proliferation of mature thymocytes from tumor-bearing animals.
In previous studies we have demonstrated that the in vivo proliferation of total and CD4 -CD8 -thymocytes is unaffected by the presence of the tumor (46) . In the current study, to investigate whether the accumulation of single positive CD4 + CD8 -and CD4 -CD8 + populations present in the thymuses of tumor bearers occurs because of an augmented proliferative capacity of these cells, thymocytes from normal and tumor-bearing mice were activated in vitro in the presence of anti-CD3. We also evaluated the functionality, on mature thymocytes, of the different cytokine receptors which promote proliferation. Thymocytes from normal and tumor-bearing mice were activated in vitro during 48 h in the presence of anti-CD3 and the indicated cytokines. As shown in Fig. 3A , thymocytes from tumor-bearing mice displayed a strong proliferative response when compared to thymocytes from normal mice. To determine whether this major proliferative response in thymocytes from tumor-bearing mice could be related more to the presence of a major number of mature thymocytes in these thymuses than an altered function, in vitro activated thymocytes from normal mice and tumor-bearing mice were washed, and the same cell number were recultured in the presence of IL-2, IL-7 or IL-15. As shown in Fig. 3B , the proliferative properties of thymocytes from tumor-bearing mice were very similar to those from normal mice. Moreover, thymocytes from tumor-bearing mice showed similar responses to the different cytokines to those observed in thymocytes from normal mice. Collectively, these data suggest that the accumulation of single positive CD4 + CD8 -and CD4 -CD8 + populations present in the thymuses of tumor bearers is not due to an increase in the proliferative properties of these cells.
Prolonged increases in apoptosis among thymocytes from tumor-bearing mice compared with thymocytes from normal mice during tumor development. T cell development is
regulated by an array of cellular processes that include proliferation, differentiation, and cell death. Under normal physiological conditions, apoptosis serves to ensure the selection of appropriate lymphoid populations during thymic development and to dampen the immune response in peripheral tissues. In previous studies we have shown a modest increase in apoptosis in thymocytes from mice 3 weeks after tumor implantation compared to thymocytes from normal mice (46) . However, thymocytes from tumor-bearing mice treated with methylprednisolone were more susceptible to apoptosis induction than those from normal mice (46) . To investigate whether the impaired T cell population observed in the thymuses of tumor-bearing mice could be associated with a gradual increase in apoptosis during the tumor development, we used the annexin V staining method. As shown in Fig. 4A , the thymus involution associated to tumor progression is linked to a gradual decrease in the percentage of double positive CD4 + CD8 + population, in parallel with a gradual increase in the percentages of single positive CD4 + CD8
and CD4 -CD8 + , and double negative CD4 -CD8 -populations. When thymocytes from tumor-bearing mice from 2, 3 and 4 weeks after tumor inoculation were incubated in the presence of Annexin V (Fig. 4B) , continuous increase in the total thymic cells positive for Annexin V were observed in the thymocytes during the tumor development. As seen in Fig. 4B , thymocytes from 2-week tumor-bearing animals showed similar levels of annexin V positive cells to those from normal mice. In contrast, the levels of total thymic cells positive for annexin V in thymocytes from 3 and 4 weeks tumor-bearing mice were expanded through tumor development. Moreover, when the thymic cells positive for annexin V were analyzed by flow cytometry, the majority were CD4 + CD8 + cells (data not shown). These data suggest that the impaired T cell development present in the thymuses of tumor-bearing mice could be more related to damage in the apoptotic process that normally takes place during the thymocyte development, than impairment in the proliferative properties of these cells.
Down-regulation of the antiapoptotic gene Bcl-X L and A1 in the impaired T cell development present in the thymuses of tumorbearing mice.
To further investigate the apoptosis occurring in the lymphocytes during the tumor development, we analyzed the expression of several members of the Bcl-2 family members, molecules that suppress the apoptotic mechanisms. We evaluated the expression of the antiapoptotic proteins Bcl-2, Bcl-X L and A1 by semi-quantitative RT-PCR. These antiapoptotic proteins were selected because they have been shown to have highly restricted cellular distribution within the thymus (36, 38, 47, 50) . As shown in Fig. 5A , the levels of mRNA of Bcl-2, Bcl-X L and A1 detected by semi-quantitative analysis are down-regulated in the thymuses of tumor-bearing mice as compared to the levels in thymuses of normal mice. As shown previously by other investigators (36, 39) , the expression of Bcl-X L and A1 are specifically enhanced in the double positive thymocytes suggesting that both genes might be considered as a transcriptional signature of thymocytes that have received TCR survival signal. To corroborate the data obtained by RT-PCR for Bcl-X L and A1, a Western blot analysis using the thymuses of three normal and three tumorbearing mice were performed. As can be seen in Fig. 5B , the expression of Bcl-X L and A1 in tumor-bearer thymuses is also down-regulated at the protein level in comparison to the levels observed in thymuses from normal mice. These data suggest that the diminished levels of Bcl-X L and A1 may be playing a role in the decrease in the percentages of double positive CD4 + CD8 + thymocytes and leading to the impaired T cell development occurring during the thymic involution of tumor-bearing mice.
Thymic atrophy in tumor-bearing mice is associated with an impaired expression of molecules that regulate numerous aspects of hematopoiesis.
In recent unpublished data from our laboratory, using thymuses from normal and tumorbearing mice, we observed that thymic involution present in the thymuses of tumor-bearing mice is associated with a down-regulation of crucial cytokines involved in thymocyte development and cellular homeostasis. Cytokines regulate numerous aspects of hematopoiesis and the immune response via activation of the JAK/STAT pathway. To identify other transcription factors or molecules involved in the impaired T cell development occurring during the thymic involution of tumor-bearing mice, we analyzed the expression of mRNAs from the JAK/STAT signaling pathway in whole thymuses of normal and tumor-bearing mice using gene expression array analysis. Microarray analysis of the mRNAs related to different molecules controlling cell cycle or apoptosis revealed that 17 mRNAs were differentially expressed by at least 3-fold (Table I) . Nine of the differentially expressed mRNAs were coordinately down-regulated in thymuses from tumor-bearing mice. When compared to thymuses from normal mice CBP, Fas, Ghr, Hmga1, Mcmd5, NCoA1, Pias1, Socs1 and the transcription factor Sp1 were decreased in the thymuses of tumor-bearing mice. However, eight mRNAs, c-myc, Cyclin D1, EpoR, IFNÁ, Mmp3, Mpl, Socs2 and Stat6 were increased in the thymuses of tumor-bearing mice when compared to the levels in thymuses of normal mice. These molecular changes support the notion that the impaired T cell development occurring during the thymic involution of tumor-bearing mice is at least in part due to the impaired apoptotic mechanisms induced by the down-regulation of the crucial cytokines involved in thymocytes development and cellular homeostasis.
Discussion
Like all hematopoietic cells, T lymphocytes are derived from bone-marrow-resident stem cells. However, whereas most blood lineages are generated within the marrow, the majority of T cell development occurs in a specialized organ, the thymus (51). Here, immature progenitor cells are guided through the differentiation and selection steps required to generate a T-cell repertoire that is both self-tolerant and has a propensity to bind self major histocompatibility complex components (52) . These processes depend on an array of functionally distinct epithelial cell types within the thymic stroma, which have a common developmental origin in the pharyngeal endoderm (53) . There has been long-standing interest in unraveling the cellular and molecular basis of thymus organogenesis. Thymic involution has been observed in several model systems, including aging, graft-versus-host disease, and tumor development, however, the mechanisms involved in this phenomenon remain to be elucidated.
We have reported that the thymic involution observed in D1-DMBA-3 mammary tumor-bearing mice is linked to an impaired thymopoiesis which is mainly associated with an early block in T cell maturation at the triple negative stage of differentiation (45, 46) . Furthermore, we have shown that there is an extensive disruption of the thymic architecture that begins to be apparent two weeks following tumor implantation (44) . The normal thymic stroma consists of two functional compartments known as the cortex and the medulla that are Table I . Impaired expression of molecules that regulates numerous aspects of hematopoiesis. Signal transducer and activator of transcription 6 3.
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important for the positive selection of immature thymocytes and the deletion of self-reactive T cell clones, respectively. The thymic stromal cells have been shown to provide growth factors, cytokines, and extracellular matrix necessary for T-cell development (53) . Our previous studies suggest that thymic stromal cells from tumor-bearers may not produce the necessary cytokines for appropriate T cell development. In this report we have shown that thymuses from tumor bearers have a greatly reduced percentage of CD4 + CD8 + cells within the CD3-negative population (immature double positive cells) in comparison to the levels in normal thymuses. These results indicate that in addition to the previously described arrest of thymocytes at the triple negative stage of differentiation (46) , in thymuses of tumor-bearing mice, a second block occurs at the level of immature single positive populations.
In our published studies we analyzed two other possible mechanisms of atrophy in the thymuses of tumor-bearing mice i.e. a decrease in proliferation of thymocytes and an increase in the apoptosis of these lymphocytes (46) . Regarding the first possibility we found that the in vivo proliferation of total and CD3 -CD4 -CD8 -thymocytes appeared to be unaffected by the presence of the tumor. Thus, similar levels of in situ proliferation were detected in these thymic cells from either normal mice or tumor bearers, using in vivo labeling with BrdU. We further explored the possibility that abnormalities in proliferation could be detected after in vitro activation using [ 3 H]-thymidine incorporation. To this aim we activated thymocytes from normal and tumor-bearing mice with ·CD3 and IL-2 and further expanded them with IL-2, IL-7 or IL-15. These experiments revealed that no defects in the proliferative activity of tumor-bearer thymocytes are apparent nor there are alterations of the receptors for these cytokines in the thymocytes of tumor-bearing mice.
Regarding the second possibility of altered apoptosis in the thymuses of tumor bearers, our original study revealed a moderate increase of this function in animals with advanced stages of tumorigenesis (46) . It has been extensively reported that apoptosis regulates the development of thymocytes, the shaping of T cell repertoire, its selection and the coordinate events leading to immune responses in the periphery (54). As we mentioned above, the two major pathways leading to apoptosis in the thymus are the pathway controlled by Bcl-2 family members and the pathway controlled by death receptor signaling. Although recent evidence suggest that Bcl-2 plays a role in positive selection in the thymus, its ability to influence negative selection in the thymus is controversial mainly because mice deficient in Bcl-2 exhibit normal maturation of both B and T lineages, indicating that Bcl-2 is not essential for lymphoid development (33, 34) . A plausible explanation is that proteins other than Bcl-2 can function as survival signals during the selection and maintenance of T lymphocytes. In this regard, other anti-apoptotic proteins such as Bcl-X L and A1 have been shown to be developmentally regulated in T cells (37, 38) . Bcl-X L was identified as the major Bcl-X mRNA form expressed during murine development that functions as a dominant regulator of apoptotic cell death (18, 55) . A major role for Bcl-X L in thymocyte development was demonstrated in chimeric mice that are deficient in Bcl-X L . In these studies, the absence of Bcl-X L preferentially affected immature populations of thymocytes and pre-B cells (56) . Moreover, Bcl-X L have been shown to provide a survival signal for the maintenance of more immature CD3 -CD4 + CD8 + thymocytes before positive selection (36). A1 was described as an early-response gene, expressed in several hematopoietic cell lineages, including T-helper lymphocytes, macrophages, and neutrophils (20, 57) . In addition, A1 was demonstrated to have a restricted tissue distribution during embryonic development and functions to protect against cell death (47, 58) . More recently, Verschelde and colleagues demonstrated that overexpression of A1 promotes the survival of double positive thymocytes awaiting positive selection (39). Since we have observed a decrease in the double positive CD4 + CD8 + thymic population of tumor bearers, we investigated whether changes had occurred in the expression of Bcl-X L and A1 at the protein level. Our results revealed that indeed, there is a profound down-regulation of these two anti-apoptotic molecules in the thymuses of tumor-bearing mice in comparison to the levels expressed in thymuses of normal mice. Based on the present findings, a mechanistic scheme could be proposed in which the lower percentage of double positive CD4 + CD8 + thymocytes observed in tumor-bearing mice is due to a down-regulation of these anti-apoptotic proteins in these cells. It has been well supported previously that, the ratio of death antagonists to agonists determines whether a cell will respond to an apoptotic signal (59) (60) (61) ). An alternative nonexclusive interpretation is that other pro-apoptotic members of the Bcl-2 family could be expressed at high levels at this stage forming heterodimers with the anti-apoptotic proteins and this interaction promotes the programmed cell death. For instance, some pro-apoptotic members of the Bcl-2 family such as Bax have been shown to heterodimerize with Bcl-X L and A1 (60, 62) . Previously, we have reported that the mammary tumor cells used in our studies secrete several factors that have effects in various compartments of the immune system (63) (64) (65) (66) (67) . It could be argued that an impaired function of the stromal cell microenvironment could induce the expression of some pro-apoptotic proteins as a result of these tumor-associated factors, interact with the anti-apoptotic counterpart and cause the alterations observed in thymocyte differentiation and thymic morphogenesis.
One essential characteristic inherent to the immune response is that cytokines regulate numerous aspects of hematopoiesis and T cell response via activation of the Jak/Stat pathways. The activated Jak proteins phosphorylate and activate specific Stat transcription factors. In recent unpublished data from our laboratory, using thymuses of normal and tumor-bearing mice, we have observed that thymic involution present in the thymuses of tumor-bearing mice is associated with a down-regulation of crucial cytokines involved in thymocyte development. This cytokine down-regulation could be closely related to an atypical expression of the apoptosis-related transcription factors. In this regard, we compared the expression of Jak/Stat signaling pathways in thymuses from normal and tumor-bearing mice, and several changes were noted between thymocytes from both types of mice. Some of these changes, for example, were the relative down-regulation of mRNA of CBP, Ghr and Sp1 in thymuses of tumor-bearing mice when compared to those of normal mice. These molecules have been shown to function as transcription factors with specific effects on thymic T lymphocyte proliferation and homeostasis in vivo and also its degradation occurs early during apoptosis (68) (69) (70) . Moreover, Pias1, another transcription factor downregulated in thymuses of tumorbearing mice has been shown to function as a novel activator of p53 (71) . The tumor suppressor protein p53 functions as a transcription factor that activates genes controlling cell cycle arrest and apoptosis (72) . In addition, thymuses of tumorbearing mice have shown a down-regulation of a number of genes important for cell cycle progression and apoptosis.
Although all the possible mechanisms leading to the thymic involution and impaired thymopoiesis present in our mammary tumor bearers are not completely elucidated, based on the data presented herein and our previous studies, the following hypothesis could be proposed: the D1-DMBA-3 mouse mammary adenocarcinoma directly produces factors (collectively termed tumor-associated factors) which exert their influence directly, not only on immune related cells, but also on the stromal cell in the thymic microenvironment to produce an abnormal array of cytokines. These atypical levels of cytokines exert an opposing effect directly on the normal expression of the transcription factors which in turn regulates important cellular mechanisms such as cell cycle and apoptosis causing the observed thymic involution in tumor-bearing mice.
